Abstract: New polymers were synthesized from α-hydroxy acids derived from the natural amino acids Ile, Leu, Phe, and Val, combined with lactic acid, glycolic acid and 6-hydroxyhexanoic acid by direct condensation. The toxicity was determined and the degradation process of these polyesters was investigated under physiological conditions by analyzing the composition of the degraded polymers and the oligomers cleaved in the buffer medium. The polymers were found to be non toxic to two cell lines. Polymers displayed a biphasic degradation behavior. In most cases, a linear relationship was found between the weight loss constant and the hydrophobicity of the polymers, Log P. Regarding the second stage of weight loss, it is apparent that polymers derived from α-hydroxy(L)isoleucine ((L)HOIle) and α-hydroxy(L)Valine ((L)HOVal) degraded much faster than those derived from α-hydroxy(L)leucine ((L)HOLeu) and α-hydroxy(L)phenylalanine ((L)HOPhe), probably due to different spatial orientation of the side chains. Copolymers of 6-hydroxyhexanoic acid displayed slow degradation rates as expected, whereas the degradation profile of copolymers of lactic acid was similar to the other homopolymers. These new polyesters may serve as potential biocompatible materials for medical applications.
Introduction
The biodegradable polymers that have been most intensively investigated are aliphatic polyesters derived from the following monomers: lactide, glycolide, butyrolactone and caprolactone [1, 2] . Their polyesters and copolyesters represent the main group of interest [3] [4] [5] [6] [7] [8] [9] due to their long history of safety. Interestingly, little has been reported on others hydroxy acid based polyesters, probably due to the limited availability of other hydroxy acids from natural sources or complication in their synthesis [10] . Biodegradable polymers that have one or more stereogenic center(s) in the repeat unit (namely, optically active polymers), offer advantageous features when used as carriers for drug delivery [11] . In light of the above, our laboratory has reported expansion of the biodegradable polymers range to new poly(hydroxy acids) carrying various stereogenic centers. Viewing the scope of work in the area reveals that the selection of available chiral hydroxy acids is limited and most of the work been done either with lactic acid or derivatives of acrylic acid attached to chiral moiety. The monomers of the homopolymers prepared in our laboratory were synthesized from natural α-amino acids using a straightforward reliable and inexpensive method of diazotization of α-amino acids (Scheme 1) [12, 13] . Linear homopolyesters of (S)-2-hydroxy-4-methylpentanoic acid ((L)HO-Leu), (S)-2-hydroxy-3-phenylpropionic acid ((L)HO-Phe), (S)-2-hydroxy-3-methylpentanoic acid ((L)HO-Ile), (S)-2-hydroxy-3-methylbutanoic acid ((L)HO-Val) and their copolyesters, either with one of the above hydroxy acids (1:1) or with (L)lactic acid (1:1), glycolic acid (1:1) or 6-hydroxyhexanoic acid (1:1), were prepared by direct condensation in bulk (Schemes 2 and 3) and checked for toxicity and degradation.
Scheme 1. Synthesis of the α-hydroxy acids.

Scheme 2. Direct condensation of the α-hydroxy acids.
During the degradation process, high-molecular-weight, water-insoluble macromolecules are converted to small, water-soluble molecules by a hydrolytic cleavage of labile bonds in the polymer backbone. The polymers undergoing this type of degradation include aliphatic polyesters, polyamides, poly(cyanoacrylates), polyanhydrides, polyacetals, and poly(ortho esters). Among these polymers, PLA, PGA, and PLGA are well known. The hydrolytic degradation of poly(α-hydroxyacids) is mainly influenced by four major factors: (1) the hydrolysis rate constant of the ester bond; (2) the diffusion coefficient of water in the polymer matrix; (3) the diffusion coefficient of the chain fragments within the polymeric matrix and (4) the solubility of the degradation product. The degradation behavior of polyesters has been intensively investigated, as well as the mechanism of their degradation [14] . Several theories have been developed to describe the degradation of aliphatic polyesters [15] . Most of the models follow first or pseudo first order kinetics and the disadvantage of these models is that the autocatalytic behavior of the degradation is not incorporated. Lately new models were developed based on the kinetics of the autocatalytic hydrolysis of aliphatic polyesters which can be used for homo and copolyesters [14, 15] . Herein, we present the toxicity and degradation profile of the newly prepared polyesters. The study is focused on two main elements: composition of the polymer matrix during the hydrolysis (weight loss and molecular weight decrease) and composition of the degradation products.
Results and Discussion
Synthesis of Polymers
The molecular weights of the polymers containing only HOIle, HOLeu, HOPhe and HOVal (Table 1 , entries 2 to 11) are around 2000 Da. The introduction of lactic acid or glycolic acid to the hydrophobic polymers (Table 1 , entries 12 to 20) slightly increases the molecular weight of the polymer. However, copolymers with hydroxyhexanoic acid (Table 1 , entries 21 to 24) reached a significantly higher molecular weight of more than 5000 Da, due to its long aliphatic chain. In general, the polymerization of hydrophobic α-hydroxy acids by the polycondensation method results in slightly lower molecular weights (in the range of 2000-3000 Da) than that of lactic acid or glycolic acid [16] .
Copolymers with glycolic acid and hydroxyhexanoic acid reveal a lower optical activity than homopolymers and copolymers with lactic acid (LA), since these two monomers lack a chiral center. The copolymers with hydroxyhexanoic acid demonstrate the lowest optical activity, probably because the long aliphatic chain of caproic acid attenuates the cooperative rotational strength of the chiral centers along the polymer.
The extent of the polymer's solubility in chloroform is higher than that of PLA. They are also soluble in THF and ACN, but not in water. The infrared spectrum of PolyHOleu is depicted in Figure 2 . All polymers show a major ester band between 1750 to 1765 cm −1 and a small acid band around 1640 cm −1 . They also show 2 bands corresponding to alkyl groups/chains, 2850-3000 (stretch) and 1350-1480 (bending) cm −1 . The intensity and broadness of the bands increase with the length of alkyl pendant chains along the polymers; hydroxyhexanoic acid polymers exhibit the largest absorption areas. 
Toxicity
To analyze the biocompatibility of the prepared polymers, the various polymers were screened for acute toxic effects using a lactate dehydrogenase (LDH) assay and were found to be not toxic. Thereafter, the biocompatibility of the newly synthesized polymers was evaluated on a neuronal (PC12 pheochromocytoma) cell line following differentiation and an endothelial (bEnd.3) cell line following adhesion and proliferation. Several polymers induced neuronal differentiation, and none of the tested polymers reduced the adhesion of endothelial cells (manuscript in preparation) [19] .
In vitro Hydrolytic Degradation of the Polymers
Weight Loss Analysis
The data for most polymers showed a bimodal behavior of monophasic or biphasic degradation kinetics, where the initial stage is defined by a fast rate (burst stage), while the second stage is characterized by a slow rate. The weight loss data was fitted (by a non linear regression) to either one (in case of one stage) or two exponential growth terms [20] (in case of two reaction stages) as is depicted in Equation 1, using the WinNonlin program (Pharsight). The two-parameter (P 1 and k 1 ) model describes mainly the initial part of the degradation very well, whereas the four-parameter model is appropriate for fitting hydrolytic degradation over the entire time period.
%P(degrad) is the weight loss percentage of the polymer at time point t. P 1 is the percentage of the weight loss at the end of the first step of degradation. P 0 is the total weight loss of the polymer, which is 100%. k 1 and k 2 are the rate constants of the two steps, respectively. Kinetic parameters for each degraded polymer are summarized in Table 3 .
From the table, it is apparent that most polymers degrade according to biphasic kinetics. The first stage of the reaction is fast (t 0.5 varies in the range of several hours to 40 hours) and its amplitude is 20-30%. The ratio between the rate constants of the two reaction stages (k 1 /k 2 ) is of several folds: 35-349, indicating the difference in the hydrolytic rates of both phases.
It is generally accepted that surface hydrolysis may occur at a different rate than the core hydrolysis due to factors controlling water penetration [21, 22] . If hydrolysis is slow compared to diffusion, the complete cross section of a polymer matrix is affected by erosion that has been named bulk erosion or homogenous erosion [23] . With increasing degradation velocity, however, erosion becomes a surface phenomenon because water is consumed mainly on the surface by hydrolysis. This has been designated as surface erosion or heterogeneous erosion. Only fast degrading polymers, such as polyanhydrides and poly(ortho esters), have been reported to be surface eroding. The kinetic factors for the process include the surface concentration of ester bonds and the surface to volume ratio of the sample. For example, the degradation mechanism of crystalline PLA's with a parabolic-type degradation pattern [24] can be explained by the following three processes: (1) dissolution of oligomer, (2) preferential hydrolysis of a relatively low molecular weight copolymer in the amorphous regions leading to a narrow molecular weight distribution of the higher molecular weight and crystalline copolymers, and (3) rate-limiting degradation of the copolymer in the crystalline regions. The resulting degradation of crystalline polymer mainly proceeds by the processes (1) and (2) in the initial stage, followed by (3), giving a parabolic-type degradation pattern.
This dissimilarity between the two ongoing processes (cleavage and diffusion) can explain the biphasic reaction in the degradation behavior of the present polymers. At contact with the buffer medium, small polymer chains readily dissolve in the aqueous medium and end groups, which are on the surface of the injected polymer, cleave and dissolve in the medium (burst stage). Following this first contact with the surrounding aqueous medium, the injected polymer is more resistant, and the diffusion of water molecules into the polymer core is the rate limiting factor (second stage).
The biphasic reaction of copolymers of HOPhe and copolymers of HOIle is illustrated in Figure 3 . Copolymers of HOPhe with LA and HOIle have a half life of about three months in the burst phase whereas the insertion of GA reduces the half life time to less than a month. Indeed Panyam et al. [25] showed that the initial loss rate is found to be more rapid in PLGA polymers with high glycolic acid content. This is consistent with the more hydrophilic nature of the PLGA compared to lactide homo-polymers [25] . This trend is inversed when evaluating copolymers of HOIle. The homopolymer and the copolymer with LA present a monophasic behavior and completely degrade in less than a week, whereas it takes three weeks for the HOIle-GA copolymer. These modulations are related to many aspects such as morphology of the sample, crystallinity, molecular weight of the polymer, and hydrophilicity, which may have significant impact on the degradation [21, 24] .
The effect of hydrophobicity on the degradation behavior of the polymers during the burst phase was also studied. Although the water contact angle gives an indication of the hydrophobicity of the polymer, no correlation was found between the water contact angle of the polymers and the weight loss constant, neither with Log P. Many factors are responsible for the contact angle of a polymer's surface including surface contamination, heterogeneity of the surface structure, reorientation, mobility or roughness of the surface segment, swelling, and deformation [26] . The properties of a polymer cast from a hydrophobic solvent (chloroform) on glass are different from the same polymer immersed into an aqueous medium. This might be the reason for the lack of correlation between degradation constants and contact angle results.
However, a linear correlation between the weight loss constant Log k 1 and the hydrophobicity Log P was found when the polymers were divided into two sets. The first set included homo and copolymers of HOPhe, while the second set involved homo and copolymers of HOVal, HOLeu and HOIle. Log P of the polymers was calculated by the ALOGPS 2.1 program, employing oligomers of 10 units for each polymer. The linear correlations are delineated in Figure 4 . It can be concluded that the higher the hydrophobicity of the polymers, the slower the degradation rate. There is no linear dependence between the hydrophobicity (logP) and log k 2 , since the degradation of the inner part of the sample depends not only on the hydophobicity but also on the packing density of the matrix core.
Three polymers were not included in the linear correlation: PolyHOVal-LA, PolyHOIle-GA and PolyHOVal-GA since they are very hydrophilic and rapidly degrade to completion. The degradation rate of these polymers is not dependent on their hydrophobicity.
The difference between polymers of HOPhe and the other polymers can be explained by the fact that HOPhe is able to intercalate water molecules due to its spatial oriented aromatic ring, so that water molecules are more accessible for degradation during the burst stage. Thus, k 1 of HOPhe copolymers are enhanced compared to other hydrophobic polymers.
Inspection of the second stage of the degradation revealed that copolymers of HOPhe and HOLeu are quite resistant to buffer medium and are slowly hydrolyzed during a period of several months (k 2 from 0.02 to 0. Table 3 , it is apparent that copolymers of CA are quite resistant to hydrolytic degradation and that in general these polymers discard only 70% (average) of their weight during five months. The inductive effect of the α-oxygen atom of the repeat unit in α-hydroxy polyesters enhances the reactivity of the ester carbonyl group and the acidity of the carboxylic end group, relative to the caproate ester structure [27] . Subsequently, the polyesters of α-hydroxy acid appeared to be much more sensitive to hydrolytic reaction than their corresponding caproate copolymers.
IR Analysis
During the degradation, the polymers were analyzed by IR spectroscopy, following the decrease of the ester band at 1730-1760 cm −1 and the increase of the carboxylic band at 1640 cm −1 . The ester signal decreases slowly while a carboxylic band develops simultaneously. It is worthy to note that the ester band does not vanish completely even at about 90% of weight loss. The IR spectra for several polymers along the degradation process are presented in Figure 5 . PolyHOIle-CA (a) and PolyHOPhe-CA (b), like other copolymers of CA, exhibit a slow degradation pattern, and after 21 weeks the ester band is still present. PolyHOPhe-CA degrades much slower than PolyHOIle-CA, as is observed after nine weeks; the IR spectrum of PolyHOPhe-CA is almost identical to its initial spectrum (before degradation) whereas in the PolyHOIle-CA spectrum, the areas under the curves of the ester band and the carboxylic band are equal (1:1). PolyHOLeu-GA shows a rapid degradation rate and after a week the ester band nearly disappears. 
GPC Analysis
Molecular weight decrease was monitored by GPC analysis during the hydrolysis. Typical changes in the chromatograms during the course of the degradation process for PolyHOPhe-CA are illustrated in Figure 6 . Through the first week the chromatograms look alike and there is no significant change in the elution time of the sample. A slight increase in the molecular weight could be noticed due to the dissolution of small oligomers into the buffer solution [28] . After three weeks of exposure to buffer, the chromatogram peak slowly moves to longer elution times. The molecular weight of the polymer starts to decrease. The molecular weight decrease data was fitted (by a non linear regression) to a first order reaction rate equation composed of either one or two exponential terms as is presented in Equation 2. The data for some polymers showed a biphasic behavior regarding the molecular weight change while other polymers exhibited a monophasic behavior.
MW t is the molecular weight of the residual polymer at time t. A T is the initial molecular weight of the polymer and A 1 is the molecular weight of the polymer at the end of the first step. k 1 and k 2 are the rate constants of the first and second steps. The parameters of all polymers are summarized in Table 4 .
The Mw degradation curves are illustrated (in part) in Figure 7 . Inspection of Table 4 reveals that a significant number of polymers exhibited a biphasic behavior along the molecular weight decrease. The kinetic behavior of the molecular weight change was quite similar to that of the outlined weight loss, except for five polymers (PolyHOPhe-HOVal, PolyHOPhe-HOIle, PolyHOLeu-HOIle, PolyHOIle-CA, and PolyHOVal-CA). These polymers demonstrated a biphasic behavior in the weight loss experiment and monophasic behavior in their molecular weight decrease. Their k 1 values were low (from 0.01 to 0.07 week −1 , t 1/2 = 9 to 53 weeks), which is rather in the magnitude of k 2 . Their molecular weight decrease was a slow, monophasic process. It is likely that their molecular weight remains constant during the first phase of weight loss (surface oligomers are hydrolyzed only), and the molecular weight decrease starts only towards the second phase of weight loss. For all other polymers, the magnitude of the rate constants for both processes was similar (weight loss and Mw decline), but the molecular weight decrease was slightly slower than the weight loss. The rate constants of the two processes are compared in Table 5 . During the burst stage in the weight loss course the main process seems to be the dissolution of small oligomers present in the polymer mass, which does not result in molecular weight decrease. This process can even potentially yield an increase in the molecular weight. During the second stage of weight loss, the polymer is cleaved but the weight loss remains faster than the change in molecular weight as shown in Table 5 . Generally, it was established that polyesters containing either HOVal or HOIle degraded to oligomers of less than 1000 Da within a few days (k 1 = 0.4 to 2.4 week −1 ), independently of the initial molecular weight. This fast decrease is parallel to their rapid weight loss, which is monophasic. On the other hand, polyesters containing HOLeu and HOPhe exhibited significantly slower decreases in molecular weight in accordance with their weight loss behavior. The difference between these two groups might be due to the spatial orientation of the aliphatic chains/ring along the polymer. Copolymers of CA show a decrease in Mw during the first two or three weeks to attain a molecular weight of 2000-3000 Da, remaining at a constant value for the leftover period of the degradation experiment. The insertion of GA in the polymers accelerates the hydrolytic rate whereas LA does not significantly affect molecular weight decrease (or similarly, the weight loss).
NMR Analysis
Copolymers of HOPhe were monitored by NMR in order to determine the ratio between the two units in the polymer during degradation. For each copolymer, two peaks were selected in the NMR spectrum. One was assigned to unit A (-OPhe-) and the other was assigned to B (Table 6 ). At each time point, the ratio between A (-OPhe-) and B was calculated and the results are plotted in Figure 8 .
It is apparent that for PolyHOPhe-Leu and PolyHOPhe-LA, the two components (-OPhe-) and B(-OLeu and -OLA) were released at the same rate (horizontal lines) and there is no change in the polymer composition during the degradation. On the other hand, the ratio between HOPhe and GA growed during the degradation process, meaning that GA was evacuated faster from the polymer than HOPhe. This is also the case with PolyHOPhe-Val and PolyHOPhe-Ile, although the change was less pronounced. An inverse trend can be observed for PolyHOPhe-CA, in which the HOPhe unit was released faster to the buffer medium than the CA one.
It is conceivable to assume that a unit that is cleared faster from the polyester is more sensitive to hydrolytic degradation due to its hydrophilicity (GA) or side chain orientation (HOVal and HOIle). CA is less susceptible to hydrolysis than HOPhe as a result of the α-hydroxy acid effect explained above. The change in polymer composition affects the profile of the hydrolysis. Figure 8 . Composition of the HOPhe-B copolymers during degradation as been derived from NMR data.
Buffer Solutions Analysis
The buffer solutions were found to contain, on the one hand, part of the polymers that were likely torn off from the surface to the buffer, and on the other hand, oligomers that were cleaved from polymer chain and dissolved in the buffer (Figure 9 ). The oligomers that were found in GPC chromatograms have a molecular weight between 600 and 900 Da. No smaller fractions were detected. This indicates that the smallest oligomers cleaved during the hydrolysis are tetramers since no monomers or dimers could be observed. 
Experimental
Materials
Lactic acid (LA) was purchased from J. T. Baker, Deventer, Holland, and glycolic acid (GA) from Sigma-Aldrich, Milwaukee, WI. 6-hydroxyhexanoic (CA) was obtained from hydrolysis of ε-caprolactone, Acros Organics, Geel, Belgium. The amino acids were purchased from Fluka, Buchs, Switzerland and Sigma-Aldrich, Milwaukee, WI (98-99% pure). Sodium nitrite (99.5%) and p-Toluenesulfonic acid-monohydrate (98.5%) were also purchased from Sigma-Aldrich, Milwaukee, WI. All solvents were analytical-grade from either BioLab, Jerusalem, Israel; Frutarom, Haifa, Israel; and Gadot, Or Akiva, Israel, and were used without further purification.
Techniques
IR (2000 FTIR, PerkinElmer) measurements of thin polymers film was performed on NaCl plates employing a chloroform solution of the polymers. The molecular weights of the polyesters were estimated on a gel permeation chromatography (GPC) system consisting of a Waters 1515 isocratic HPLC pump with a Waters 2410 refractive index detector and a Rheodyne (Coatati, CA) injection valve with a 20 μL-loop (Waters, Ma). The samples were eluted with CHCl 3 through a linear Styragel HR1 column (Waters) at a flow rate of 1 mL/min. The molecular weights were determined relative to polystyrene standards (Polyscience, Warrington, PA) with a molecular weight range of 100-5000 using the Breeze computer program.
1 H-NMR spectra (CDCl 3 for the polymers and DMSO-d 6 for the hydroxy acids) were obtained on a Varian 300MHz spectrometer in 5 mm o.d. tubes. The optical activity of the monomers and polymers was determined on a PE 343 polarimeter (PerkinElmer). Thermal behavior of the polymers was determined on a Mettler TA 4000-DSC differential scanning calorimeter (Mettler-Toledo, Schwerzzenbach, Switzerland), calibrated with Indium standard heated at a rate of 10 °C/min under nitrogen atmosphere. Contact angles were measured with a Rame-Hart model 100 contact angle goniometer on polymer covered microscope slides.
Synthesis of α-Hydroxy Acids
Sodium nitrite solution in water (NaNO 2 , 4.2 g in 15 mL, 60 mmol) was slowly added to the chilled amino acid (10 mmol) solution in 0.5 M sulfuric acid (40 mL, 20 mmol). Subsequently, the solution was slowly brought to room temperature and stirred overnight. Then, the aqueous solution was saturated with sodium chloride and extracted with ether. Extracts were combined, dried over Na 2 SO 4 and the solvent removed. After lyophilization, the solid residue was recrystallized from ether-hexane mixture [12, 13, 29] . The hydroxy acids derived from L-Isoleucine, L-Leucine, L-Phenylalanine and L-Valine were synthesized. 
Polymerization of the α-Hydroxy Acids
The hydroxy acids were polymerized by direct condensation [31, 32] . In a typical experiment, 6.4-11.1 mmol (~1 g) of the hydroxy acid was suspended in toluene (3 mL) and 1% w/w (1 mg) of p-toluene sulfonic acid as catalyst was added. The solution was refluxed overnight in a Dean Stark apparatus. The toluene was then removed and the oligomers were treated in bulk at 150 °C , under nitrogen for 2 hours and then under a vacuum of 15 mm Hg for another 14-20 hours [16, 31] . The co-polymers were prepared under the same experimental conditions where a molar ratio of 1:1 was applied to the various hydroxy acid monomers, leading to random copolymers. Homopolymers from (L)lactic acid, (L)HOIle, (L)HOLeu, (L)HOPhe and (L)HOVal and copolymers of these hydroxy acids with lactic acid, glycolic acid and 6-hydroxyhexanoic acid were synthesized. The polymers were used as they are. The polymers were characterized by 1 H-NMR, IR, GPC, Optical activity, and solubility in several solvents. The characterization data of these polymers is summarized in Table 1 .
Toxicity
The synthesized polymers were evaluated for biocompatibility in regular culture conditions upon coating cover glass with the polymers at concentrations of 1-100 ug/mL (dissolved in chloroform). The cover glasses were then dried under vacuum and washed, and inserted into conventional 24-well tissue culture plates. Thereafter the plates were exposed to UV light for 15 min and were further used for cell culturing. PC12 pheochromocytoma neuronal cell line and bEnd.3 brain endothelial cell (EC) line were plated and maintained in culture conditions as previously described [33] , and followed-up for adherence, proliferation and differentiation for seven days using Alamar blue and lactate dehydrogenase assays.
In vitro Hydrolytic Degradation of the Polymers
Samples (~200 mg) of the dry polymers were injected into 50 mL phosphate buffer solution pH 7.4, 0.1 M. The degradation was conducted at physiological conditions (37 °C, 100 rpm). The buffer solution was replaced every 24 h during the first week, and every week afterwards to avoid saturation of the buffer solution. At each time point, the polymers were washed with water, lyophilized and weighed. Samples were taken from the polymers and analyzed. All experiments were done in duplicate. The degradation of the polymers was followed by weight loss, GPC, IR and NMR for three months. The weight loss was calculated as follows: (3) A 0 is the polymer sample weight at the beginning of the experiment, and A t is the sample weight at each time point of the experiment.
At each time point, buffer solution samples were acidified with HCl, extracted with chloroform, concentrated and checked by GPC.
Conclusions
New polyesters derived from α-amino acids were synthesized and investigated for their toxicity and degradation, followed by the composition of the degraded polymers and the oligomers released into the buffer medium. The polymers were found to be non toxic for two cell lines. Most polymers exhibit a biphasic degradation behavior, where the initial phase is fast while the second phase is much slower. The first phase of degradation is related to surface interactions with the buffer medium whereas the second phase is related to bulk interactions. In most cases, a linear relationship was found between the weight loss constant and the hydrophobicity of the polymers.
The polyesters exhibit quite different characteristic patterns during hydrolysis. Some are degraded quickly within a few days to weeks whereas others are resistant for several months. Thus, these hydroxy acids and their derived polyesters offer a wide range of biocompatible materials and have good potential for medical applications such as drug delivery and drug carriers. These hydroxy acids are now being polymerized to high molecular weight polyesters by other methods and are tested for degradation (to be published elsewhere).
